The HTLV-1 bZIP factor (HBZ) gene is transcribed as an antisense transcript of HTLV-1 from the 3' long terminal repeat (LTR). Recent studies showed that the HBZ gene was expressed in all ATL cases, suggesting its critical role in leukemogenesis. In addition, only the HBZ gene sequence remains intact, unaffected by nonsense mutations and deletion. HBZ mRNA promotes proliferation of adult T-cell leukemia (ATL) cells.
Introduction
Human T-cell leukemia virus type 1 (HTLV-1) was first reported in 1980 (Poiesz et al., 1980) . Thereafter, its causative association with adult T-cell leukemia (ATL) was clarified (Hinuma et al., 1981) . The whole sequence was reported by Yoshida's group (Seiki et al., 1983) , who revealed the unique region between env and 3' long terminal repeat (LTR), designated the pX region. The pX region encodes regulatory genes, tax and rex, in addition to accessory genes, p12, p13, and p30. At that time, researchers of HTLV-1 noticed an open reading frame in the minus strand. The presence of an anti-sense transcript of HTLV-1 was first detected by Northern blot in HTLV-1-infected cell lines (Larocca et al., 1989) . However, the function and exact structure of this gene product remained unknown. This is because researchers naturally focused on Tax, a fascinating viral protein with pleiotropic actions, and the concept of antisense transcription was not so common at that time. In 2002, a viral protein that binds to CREB-2 was found by yeast two-hybrid screening, and named HTLV-1 bZIP factor (HBZ). HBZ was first found to inhibit viral gene transcription of the sense strand (Gaudray et al., 2002) . In a separate study, we analyzed HTLV-1 provirus in ATL cells, and reported that Tax expression was frequently disrupted by several mechanisms (Matsuoka and Jeang, 2007) . However, the HBZ gene sequence, as well as the 3'LTR that is its promoter, remained intact (Fan et al., 2010; Yoshida et al., 2008) . In addition, the spliced form of the HBZ gene transcript was identified and was expressed in all ATL cases. Importantly, HBZ gene expression promoted proliferation of ATL cells (Satou et al., 2006) . Thus, HBZ is now recognized as a critical gene for ATL cells. In this review, recent findings on HBZ are summarized, and its roles in HTLV-1 infectivity and oncogenesis discussed.
1. Structure and transcription of the HBZ gene Transcription start sites of the HBZ gene were identified by 5' RACE (Cavanagh et al., 2006; Murata et al., 2006; Satou et al., 2006) . These studies revealed different transcripts of the HBZ gene: a spliced form (sHBZ) and an unspliced form (usHBZ)( Figure 1 ). The first exon of the sHBZ gene transcript is present in U3 and R regions of the 3'LTR. The difference between sHBZ and usHBZ is only a few amino acids, as shown in Figure 1B . Transcription start sites of the spliced HBZ gene were scattered in the U5 and R regions of the 3'LTR, which is consistent with the finding that the predicted promoter was TATA-less (Yoshida et al., 2008) . Analyses of transcription factor binding sites of the promoter region showed that three Sp1 binding sites were critical for transcription of the HBZ gene while the third Sp1 site was most important.
Binding of Sp1 to this site was proved by chromatin immunoprecipitation. It has been reported that Sp1 is critical for many TATA-less promoters (Boam et al., 1995; Liu and Cowell, 2000) . Since Sp1 is a well-known regulator of housekeeping genes, transcription of the sHBZ gene may be relatively constant. Taken together, Sp1 is critical for transcription of the HBZ gene. As described below, the HBZ gene transcript is better correlated with provirus load than the tax gene transcript (Saito et al., 2009) , indicating that the HBZ gene is constantly expressed in HTLV-1 infected cells. Thus, transcription from the minus strand contrasts with that from the 5'LTR on the plus strand, which is highly inducible by Tax. Viral genes other than the HBZ gene are transcribed by the 5'LTR and HBZ suppresses transcription from the 5'LTR. This is an ingenious mechanism to control expression of viral proteins. Tax can activate transcription of the HBZ gene through a Tax responsive element (TRE) (Landry et al., 2009; Yoshida et al., 2008) . However, its enhancement is not so significant, and Tax expression is usually controlled in vivo. Therefore, the significance of Tax mediated upregulation of the HBZ gene transcription remains to be determined.
Quantitative analyses of the HBZ gene transcripts were reported by two groups (Saito et al., 2009; Usui et al., 2008) . Transcripts of the spliced form of the HBZ gene were four-fold more abundant than those of usHBZ (Usui et al., 2008) . This observation correlates with the finding that the promoter activity of the sHBZ gene was much higher than that of the usHBZ gene (Yoshida et al., 2008) . Relative expression level of the HBZ gene that was adjusted by provirus load was almost equivalent among HTLV-1 carriers, HAM/TSP patients and ATL patients (Saito et al., 2009) . A previous study reported that HTLV-1 provirus load was correlated with the expression level of the tax gene (Yamano et al., 2002) . However, the HBZ gene transcript was more closely correlated with provirus load than was the level of the tax gene transcripts (Saito et al., 2009) .
Kinetic study of the sHBZ gene transcripts in rabbits shows that sHBZ gene transcription was detected one week post-infection and increased and stabilized, while other viral genes were at or below the limit of detection (Li et al., 2009) . This finding supports a correlation between sHBZ gene expression, provirus load, and survival of HTLV-1 infected cells.
It is noteworthy that the HBZ mRNA was well correlated with disease severity in HAM/TSP patients. In addition, neopterin in the cerebrospinal cord fluid, which reflects cellular immune responses, was positively correlated with the level of HBZ mRNA, but not with tax mRNA. Taken together, these results show that the HBZ gene expression is closely linked with disease severity of HAM/TSP, suggesting that the HBZ gene expression plays critical roles in proliferation of HTLV-1 infected cells and pathogenesis.
The HBZ gene in ATL cells
HTLV-1 provirus is the only evidence of HTLV-1 infection in ATL cells, and analysis of provirus is expected to provide clues on leukemogenesis, and on which viral gene is critical for ATL cells or preferential integration sites of HTLV-1 provirus in leukemic cells. It has been thought that Tax is critical for leukemogenesis due to the abundance of reports on its potent effect on cell proliferation, genetic instability, and dysregulation of the cell cycle (Grassmann et al., 2005) . Tax expression in transgenic animals induces cancers depending on the promoter used (Lairmore et al., 2005) . For example, transgenic mice that expressed Tax under control of the human granzyme B gene promoter developed natural killer cell leukemia while salivary and mammary adenomas were found in the transgenic mice expressing Tax under the CD3-epsilon promoter-enhancer. In vitro expression of Tax could immortalize human T-lymphocytes although Tax expression could not transform T-lymphoctes (Akagi et al., 1995) .
However, Tax expression was not detected in about 60% of freshly isolated samples from ATL cases (Takeda et al., 2004) , indicating that Tax expression is not always necessary for ATL. Detailed analyses of HTLV-1 provirus showed three mechanisms to disrupt Tax expression in ATL cells ( Figure 2 ). Firstly, the 5'LTR, which is a promoter/enhancer of viral gene transcription of the plus strand, was deleted (Miyazaki et al., 2007; Tamiya et al., 1996) . Secondly, CpG sites of the 5'LTR were hypermethylated, which lead to silencing of plus strand viral gene transcription (Koiwa et al., 2002; Takeda et al., 2004; Taniguchi et al., 2005) . Finally, genetic changes (nonsense mutations, deletions, and insertions) were found in the tax gene itself (Furukawa et al., 2001; Takeda et al., 2004) . These findings suggest that Tax expression is not necessary in the late steps of the leukemogenic process although its expression is required at an early stage of ATL or in the carrier state. However, an analysis of defective provirus without a 5'LTR showed that 8 of 12 cases retained 6 bp short repeats at both ends of the LTR, while 4 cases lacked these sequences. Since these short repeats are generated during integration, the defective provirus with the 6-bp short repeat is formed before integration. Importantly, defective proviruses in two of eight cases lacked the second exon of the tax gene (Miyazaki et al., 2007) , indicating that Tax was not expressed in these cases prior to development of leukemia. Nonsense mutations in the tax gene by APOBEC3G were found in 7 of 60 ATL cases (Fan et al., 2010) .
Similar nonsense mutations of the tax gene were also found in the carrier state. Thus, Tax expression is not necessary at least for these cases. Conversely, nonsense mutations were not found in the HBZ gene in both ATL cases and HTLV-1 carriers, suggesting that HBZ expression is indispensable for proliferation and survival of ATL cells and 8 HTLV-1 infected cells.
As described, three mechanisms prevent Tax expression in ATL cells. However, the 3'LTR remained unmethylated and intact in all of the ATL cases, indicating that the 3'LTR was critical for ATL cells. Since viral genes other than the HBZ gene are transcribed from the 5'LTR that is frequently silenced or lost, we expected HBZ to be the only viral gene that is consistently expressed in ATL cells. In fact, the HBZ gene was transcribed in all ATL cases while transcripts of the tax gene were detected in only a limited number of cases (Satou et al., 2006) . Suppressing expression of the HBZ gene inhibited proliferation of ATL cells (Satou 2006) , indicating that HBZ has growth-promoting activity in ATL.
Property and function of HBZ protein
The spliced transcript of HBZ is translated into a polypeptide of 206 amino acids, while the protein product of unspliced HBZ is a polypeptide of 209 amino acids. HBZ has three domains; the activation, central and bZIP domains ( Figure 3 ). HBZ protein is localized in the nucleus with a speckled pattern. Three regions are associated with nuclear localization: two regions rich in basic amino acids and a DNA binding domain ( Figure 3 ) (Hivin et al., 2005) . In addition, the integrity of the HBZ amino acid sequence is necessary for the speckled distribution in the nucleus. HBZ is localized in heterochromatin, consistent with its association with transcriptional inhibition (Hivin et al., 2005) . Furthermore, HBZ has been shown to sequester JunB to nuclear bodies, thus suppressing JunB-dependent transcriptional activity (Hivin et al., 2007) .
HBZ is not necessary for in vitro transformation of T-cells although mutation of the HBZ gene resulted in decreased proliferation of infected cells in vivo (Arnold et al., 2006) , implicating HBZ in infectivity and viral persistence.
1) Suppression of Tax mediated viral gene transcription
HBZ was first found as a viral protein that binds to CREB2 (ATF-4) (Gaudray et al., 2002) . Through bZIP domain interaction, HBZ abolished the ability of CREB-2 to bind to the Tax responsive element (TxRE) in the HTLV-1 LTR, resulting in the suppression of transcription from the 5'LTR by Tax (Figure 4) . Moreover, HBZ interacts with cellular coactivators CBP/p300, via LXXLL-like motifs in its N terminal region, leading to suppression of viral transcription by inhibiting the recruitment of CBP/p300 to the HTLV-1 promoter (Clerc et al., 2008) . So far, there is no report that HBZ has the capacity to associate with DNA directly. It is apparent that HBZ exerts its suppressive effect on HTLV-1 transcription mainly by interacting with cellular proteins on the HTLV-1 promoter.
2) Interaction of HBZ with cellular factors with bZIP domains
The identification of other cellular factors that interact with HBZ was undertaken on an individual basis after analyses of the factors suspected to be involved in the signal pathway of ATL. HBZ, via its bZIP domain, reportedly forms heterodimers with several AP-1 transcriptional family members, such as c-Jun, JunB, and JunD, but not c-Fos, and modulates their activity (Figure 4) (Basbous et al., 2003; Thebault et al., 2004) . Analysis revealed that HBZ decreases the DNA binding capability of c-Jun and JunB, as is the case for ATF-4 and CREB. JunB was sequestrated into nuclear bodies through interaction with HBZ (Hivin et al., 2007) . For c-Jun, HBZ enhances degradation of c-Jun, as described later, and inhibits its DNA binding (Figure 4) . Interactions between HBZ and other bZIP factors, such as ATF1 and ATF2, have also been shown (Isono et al., 2008; Lemasson et al., 2007) . Recent study using coiled-coil arrays revealed binding of factors containing bZIP domains with HBZ (Reinke et al., 2010) . The function of such associations remains to be elucidated.
3) Activation of transcription by interacting with JunD HBZ suppresses transcription mediated by c-Jun and JunB. However, HBZ can also activate transcription mediated by JunD, another member of the AP-1 family. HBZ forms heterodimers with JunD via its bZIP domain, and the activation domain of HBZ is necessary for this activation (Thebault et al., 2004) . In addition to this activity, HBZ -JunD heterodimers interact with Sp1 and activate transcription of the human telomerase catalytic subunit (hTERT) (Figure 4) (Kuhlmann et al., 2007) .
4) Inhibition of the classical NF-κB pathway
NF-κB is activated in HTLV-1 infected cells and ATL cells. Activated NF-κB plays important roles in the proliferation of ATL cells and inhibition of apoptosis (Sun and Yamaoka, 2005) . Tax can activate both the classical and alternative pathways of NF-κB.
Tax binds to IkB, resulting in dissociation of the IκB/NF-κB complex and promoting nuclear translocation of NF-κB (Suzuki et al., 1995) . A further mechanism is Tax enhancing IκBα degradation by interacting with IKKγ, leading to subsequent activation of NF-κB (Jin et al., 1999) . In contrast, HBZ inhibits only the classical NF-κB pathway, doing so by two mechanisms (Figure 4) . One mechanism is that HBZ inhibits DNA binding of p65. Another is that HBZ increases the expression of PDLIM2, the E3 ubiquitin ligase of p65, leading to increased ubiquitination and enhanced degradation of p65 (Zhao et al., 2009 ).
Many viruses have developed strategies to manipulate NF-κB signaling through the use of multifunctional viral proteins. HIV-1 Nef induces the expression of the NF-κB inhibitor IκBα, to suppress this pathway (Qiao et al., 2006) . In Epstein-Barr virus, the LMP-1 viral protein activates the NF-κB pathway by recruiting cellular adaptor proteins, TNF receptor associated factor families and TNF receptor-associated death domain, to its C-terminal domain. Like HBZ, the EBV bZIP protein, BZLF1, suppresses the classical NF-κB pathway by inhibiting DNA binding of p65 (Morrison and Kenney, 2004) . Similar suppression of NF-κB has been reported for other viruses, including African swine fever virus, and human herpesvirus-8 (HHV-8). In the case of HHV-8, vFLIP activates both the classical and alternative pathways while viral interferon regulatory factor 3 (vIRF3: LANA2) inhibits NF-κB by binding to IKKβ. These findings show that NF-κB suppressive activities are common among different viruses, suggesting that these suppressive activities are important for viral infection. A virus might escape from the host immune system by suppressing the classical NF-κB pathway.
The proteasome and HBZ
One mechanism by which HBZ inhibits transcriptional activation by c-Jun and JunB (Basbous et al., 2003) is by forming heterodimers, and thereby inhibiting their DNA binding. HBZ further inhibits c-Jun by promoting the degradation of its protein product It has been reported that degradation of c-Jun by sHBZ is much weaker than that by usHBZ (Isono et al., 2008) . However, inhibition of AP-1 mediated transcription by sHBZ was much stronger than that of usHBZ (Yoshida et al., 2008) . For the sHBZ protein, the inhibition of DNA binding by c-Jun or sequestration in nuclear bodies might be the predominant mechanism of transcriptional suppression. Further, the expression level of sHBZ RNA is much higher than that of usHBZ RNA, and the half-life of sHBZ protein is much longer than that of usHBZ. Only one HBZ protein was detected in ATL cell lines (Arnold et al., 2008) . Taken together, sHBZ expression is much higher than that of usHBZ, and only sHBZ RNA has growth-promoting activity as described later, indicating that sHBZ is more important than usHBZ for HTLV-1 infected cells and ATL cells.
Function of the HBZ gene as RNA
Suppressed expression of the HBZ gene by shRNA leads to decreased proliferation of ATL cell lines (Arnold et al., 2008; Satou et al., 2006) . Expression of HBZ in transgenic mice increases the number of T-cells (Satou et al., 2006) , and tumor formation and infiltration of ATL cells is decreased by suppressed HBZ expression (Arnold et al., 2008) . Thus, HBZ expression is associated with proliferation of ATL cells in vivo and in vitro. Mutation analyses of the HBZ gene showed that HBZ RNA, rather than HBZ protein, has a growth promoting effect on T-cells ( Figure 4) (Satou et al., 2006) . The coding sequence of the HBZ gene was replaced with silent mutations, which could produce the same protein while the RNA structure was completely altered. This mutant did not have a growth-promoting activity. Analysis of the transcription profile using DNAchip demonstrated that expression of the HBZ gene upregulates E2F1 gene transcription. Only sHBZ RNA, not usHBZ RNA, promotes proliferation of T-cells, indicating that the first exon of the sHBZ transcript is critical for this activity (Yoshida et al., 2008) . This exon overlaps with the Rex responsive element (RxRE) in the R region of 3'LTR. The RxRE region forms a stem-loop structure that binds to Rex. Rex promotes the export of viral RNA with a RxRE region, Thus, sHBZ RNA functions to promote proliferation of T-cells by a region containing the first exon, which can form a strong stem-loop structure. Further details of how sHBZ RNA promotes proliferation remain to be elucidated. 6. Antisense transcript of HTLV-2 HTLV-2 is similar to HTLV-1: both retroviruses target T-lymphocytes, and induce their proliferation. However, HTLV-2 tends to infect CD8+ T-cells instead of CD4+ T-cells (Kwaan et al., 2006) , and induces cancer in humans only in very rare cases. Following the discovery of HBZ, an antisense transcript was identified in HTLV-2. Its product was named antisense protein of HTLV-2 (APH-2) (Halin et al., 2009 ). APH-2 mRNA is transcribed from the 3'LTR, and spliced and polyadenylated like the sHBZ gene.
Although APH-2 does not have a basic leucine zipper domain, it interacts with CREB and suppresses Tax2 mediated transcription. Thus, APH-2 has similar structure and functions to sHBZ. However, it remains to be elucidated whether APH-2 induces proliferation of infected lymphocytes in vivo.
HBZ gene transcript and diseases
The HBZ gene is the only viral gene that is consistently expressed in HTLV-1 infected cells and ATL cells, indicating that HBZ plays a critical role in both infected cells and leukemic cells. For ATL cells, HBZ RNA has growth promoting activity. ATL cells frequently express Foxp3, a master factor of regulatory T-cells. HBZ expression is associated with a phenotype of regulatory T-cells (our unpublished data). Thus, HBZ not only promotes proliferation of ATL cells, but also modulates the phenotype of HTLV-1 infected cells.
The expression level of HBZ transcripts is closely correlated with provirus load and the disease severity of HAM/TSP (Saito et al., 2009) . Increased infected cells are also implicated in the pathogenesis of HAM/TSP. There are two scenarios for the role of HBZ: 1) HBZ is important for the survival of HTLV-1 infected cells in vivo, 2) HBZ expression confers infiltrative phenotypes on infected cells, and causes dysregulation of cytokine production. The role of HBZ gene in HAM/TSP should be studied in the future. It is hypothesized that Tax expression is necessary in the early stages of leukemia, but not required in late stages. However, HBZ is expressed in all ATL cases, and promotes proliferation of ATL cells. This indicates that HBZ is a critical viral gene in oncogenesis by HTLV-1. A few ATL cases had HTLV-1 provirus that could not produce Tax before its integration (Miyazaki et al., 2007; Tamiya et al., 1996) . In addition, nonsense mutations of viral genes except the HBZ gene are generated by APOBEC3G before integration of provirus (Fan et al., 2010) . These findings suggest that the HBZ gene is responsible for leukemogenesis by HTLV-1. Like other viral proteins of oncogenic viruses, recent studies show the multiple functions of HBZ. Koiwa, T., Hamano-Usami, A., Ishida, T., Okayama, A., Yamaguchi, K., Kamihira, S., and Watanabe, T. (2002) . Matsumoto, J., Ohshima, T., Isono, O., and Shimotohno, K. (2005) . HTLV-1 HBZ 
Perspectives

